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1 Introduction 
1.1 Preliminary considerations 
Since their discovery, the human understanding of ionizing radiations and natural 
radioactivity has grown continuously. In parallel, the possible uses of radioactivity have also 
increased in number, affecting several technical and industrial aspects of modern society. 
Among them, two of the main ones we can mention are the electric energy production from 
nuclear fission reactions and the vast use of ionizing radiation in medical applications, both 
for diagnostic and therapeutic purposes. This widespread use of radiation has also produced 
an increase in the number of exposed persons. Exposure may lead to harmful effects, of either 
stochastic or deterministic nature, and thus the absolute necessity of adequate instruments and 
methodologies for dosimetric monitoring became soon clear. An efficient dose monitoring 
allows not only to verify the observance of regulatory limits, but also to correctly apply the 
optimization principle (also known as ALARA principle: As Low As Reasonably Achievable) 
which prescribes keeping exposures at the lowest reasonably achievable level. Moreover, in 
some industrial applications the delivered dose has to be known accurately. Therefore, it is 
not surprising that the development of dosimeters suitable for this purpose was all along one 
of the most important research goals since the beginning of nuclear science. For this reason, 
nowadays many different kinds of dosimeter exist in commerce, capable of covering the 
majority of the technical requests. Nevertheless, neutron dosimetry is still an unsolved 
problem. The difficulty in developing a neutron dosimeter stems from the indirectly ionizing 
nature of neutron interactions with matter, and in the presence of photon fields that usually 
come along and that have to be discriminated to determine the net neutron dose. A further 
complication comes from the fact that the neutron spectra typically cover a wide range of 
energies, from 10
-2 
to 10
7
 eV [1]. Despite the existence of all this problems, the intense use of 
nuclear energy and the growing number of medical techniques involving neutrons justify the 
efforts in the research and development of reliable neutron dosimeters. In this study, the 
characteristics of a borate glass (KLB) were analysed. This material is suitable for the 
production of dosimeters for both TL (thermal luminescence) and OSL (optically stimulated 
luminescence) techniques. The high content of boron and lithium of this glass is also 
promising in order to produce dosimeters with high sensitivity to thermal neutrons. Optically 
stimulated luminescence presents many advantages over thermal stimulation, among which 
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can be mentioned the fast non-annealing read-out process and absence of thermal quenching 
[2]. The suitability of KLB for TL dosimetry was already reported in previous studies [3] [4], 
while this work is the first attempt to use it for OSL technique. Borate glasses are known to 
have high hygroscopicity. Phenomena like water dilution or moisture adsorption can reduce 
the sensitivity of a dosimeter, therefore a new composition was studied (KLBMg). Small 
amounts of magnesium oxide were added as a dopant in previous investigations in order to 
improve the sensitivity of the glass, while here it was adopted as a major component of the 
glass network. This oxide is known to enhance the stability of glasses, since it reduces ion 
mobility.  
1.2 Aim of the thesis 
The aim of this work was to produce and characterize a new material suitable for the 
production of neutron sensitive dosimeters. A glass with a similar composition has already 
been described in the literature [3] [4], but the addition of magnesium as glass matrix 
component to improve physical and optical features had never been tried before. To reach this 
goal the following steps were performed: 
 creating the glass with different compositions to study the effect of different amounts 
of magnesium oxide 
 analysing samples of different composition with thermal analysis, spectroscopy and 
diffractometry to determine the characteristics of the material 
 testing the hygroscopicity of the glass exposed to liquid water and moisture 
 producing dosimeters with glass powder mixed with Teflon by a sintering method  
 investigating the suitability of the glass for OSL dosimetry by studying glow curve, 
dose response curve, reproducibility of the signal and optical bleaching  
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2 Theoretical fundamentals 
2.1 Neutron interactions with matter 
Neutrons are neutral particles with a rest mass of 1,00866 amu. Having no charge, they can 
ionize matter only after interactions with nuclei that create secondary charged particles. 
Neutrons can therefore pass through large amounts of material with no interaction, and this 
makes them difficult to detect. Measuring instruments, and also dosimeters, use the secondary 
radiation to reveal and measure the neutron fields. In every reaction, a neutron can be either 
captured, and then a new particle is released, or scattered, and so the neutron transfers part of 
its kinetic energy to a target nucleus and is deflected. Unlike electromagnetic radiation, 
neutrons cannot interact with electrons but just with nuclei. The probability of such an 
interaction with different materials depends on the energy of the neutron and is known as 
cross section, σ. This quantity has the physical dimensions of an area, but usually the unit 
barn  (symbol b) rather than square meters is used to measure it, where 1 b = 10
-28 
 m
2
. There 
are many possible kinds of interaction between a neutron and a nucleus, so the total cross 
section is generally divided in components, each one representing the probability of a specific 
event. Therefore, we will have a scattering cross section, a capture cross section and so on. 
Neutrons are usually classified in terms of their energy. This classification is reported in 
Table 2.1. For most practical purposes a simple subdivision in thermal neutrons (energy 
below 0,025 eV) and fast neutrons (energy above 1 MeV) is usually adopted. 
 
Table 2.1 - Neutron energy ranges 
Neutron energy Energy range 
0.0–0.025 eV Cold neutrons 
0.025 eV Thermal neutrons 
0.025–0.4 eV Epithermal neutrons 
0.4–0.6 eV Cadmium neutrons 
0.6–1 eV Epicadmium neutrons 
1–10 eV Slow neutrons 
10–300 eV Resonance neutrons 
300 eV–1 MeV Intermediate neutrons 
1–20 MeV Fast neutrons 
> 20 MeV Relativistic neutrons 
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2.1.1 Microscopic and macroscopic cross sections 
To better understand the concept of cross section, we can consider a simple model in which a 
mono-energetic neutron beam collides with a thin layer of matter, where thin means that the 
atomic nuclei are a single layer along the neutron path. Some of the neutrons will interact 
with the nuclei and will change energy and direction, some will be captured and the others 
will pass through. In this model, the area that every nucleus presents to the neutrons will be 
equal to π*R2, where R is the atomic radius (R is of the order of 10-12 cm). This area should 
represent the probability of interaction between neutrons and nuclei. Massive change in this 
probability with different neutron energies and different materials were observed, and this 
phenomenon cannot be explained with such a simple model. The concept of effective cross 
section, σ, was then proposed. The probability of interaction will be represented by the ratio 
of the neutrons that had an interaction    over the initial total neutrons of the beam  . The 
cross section will be the ratio of this probability and the surface atom density, namely the 
number of atoms in a unit area. This relationship is described by the equation: 
 
 
      
     
 
         
 
 (2.1) 
 
This equation is valid for a generic neutron beam of energy E.    is the atomic density and    
the depth of the target layer. By integrating equation 2.1 we obtain the expression of the 
attenuation law for a neutron beam through a layer of thickness x: 
 
 
           
         (2.2) 
 
The cross section described above is commonly called microscopic. The previous equations 
have been derived assuming interactions with a thin layer. Neutron measurements, however, 
are performed in real physical conditions, and so this hypothesis is generally not valid. It is 
then useful to introduce another concept: the macroscopic cross section,  . This can be 
derived considering a thick sample and the transmission of a parallel neutron beam through it. 
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We can look at this thick sample as a series of thin layers. The attenuation of the beam at 
depth   will then be equal to: 
 
 
         
      (2.3) 
 
The macroscopic cross section has the dimension of the inverse of a length and so it is 
measured in m
-1
. It is equal to: 
 
 
      (2.4) 
 
It represents also the probability of interaction for a unit length, and it is conceptually similar 
to the attenuation coefficient for photons. [5] [6] 
2.1.2 Different neutron interaction  
As was previously mentioned, neutrons can interact with matter only by reactions with nuclei. 
There are many possible interaction processes and every one of them has a different 
probability, represented by a different fraction of the total cross section   . The sum of all of 
them has to be equal to   , as shown in equation 2.5. 
 
 
         (2.5) 
 
The different reactions are usually classified in scattering reactions and absorption reactions. 
In the former case the neutron collides with the nucleus and loses part of its kinetic energy, 
changing its direction; in the latter the neutrons are definitely captured by the nucleus, and 
secondary radiation is emitted. The possible ways of interaction are shown in Figure 2.1. In 
 14 
 
this image the two letters separated by a comma represent incident and emitted particles, 
respectively.   
 
 
The different kinds of reactions will be discussed in the next paragraphs. 
2.1.3 Scattering reaction 
We refer to scattering reaction when a neutron reacts with a nucleus by exchanging energy. 
This produces a change in the neutron kinetic energy (and then in its velocity) and in its 
direction.  
 
 
Figure 2.2 – Elastic scattering 
Neutrons 
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Electromagnetic 
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𝜎𝑡 
Figure 2.1 – Possible neutron interactions 
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A nucleus can gain recoiling velocity but the number of its nucleons does not change. In the 
compound nucleus model, the scattering is seen as a reaction in which the neutron is captured, 
its energy is redistributed among the nucleons of the compound nucleus, and then a neutron of 
different energy and direction is emitted. These reactions are divided in elastic scattering and 
inelastic scattering. In the first case, the total kinetic energy of the neutron-nucleus system is 
conserved, and only velocities and energies change. The elastic scattering cross section is 
nearly constant over a wide range of energies below 1 MeV, but it has some resonance peaks 
at the energies corresponding to the excited levels of the target nucleus. On the other hand, in 
an inelastic scattering event part of the kinetic energy is emitted as a gamma ray, and so the 
final total kinetic energy of the system is different from the starting one.  
 
 
Figure 2.3 – Inelastic scattering 
 
This kind of interaction exhibits an energy threshold, since neutrons need to have enough 
energy to bring the nucleus to an excited state. The inelastic scattering cross section decreases 
while the energy of the neutrons increase, and has a 1/v behaviour. Scattering reactions are 
used to thermalize neutrons, that means they reduce their energy to the same level of thermal 
agitation of the nuclei in the medium.  This process is essential in thermal fission nuclear 
power plant, but it is less useful for the detection and measurement of neutrons.  
2.1.4 Absorption reactions 
After an absorption reaction, a neutron is captured by a nucleus and will be not emitted again. 
The excess energy coming from its capture is redistributed among the nucleons, and different 
types of secondary radiation are emitted. For example, the nucleus can get rid of the excess 
energy by emitting one or more gamma rays or heavy ions such as protons, deutons or alpha 
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particles. If one or more nucleons are emitted the daughter nucleus will be completely 
different from the parent, so this process is sometimes called transmutation. These processes 
usually have low cross section values, having high energy thresholds. The nucleus can also 
emit again one or more neutrons, where in the first case the process in indistinguishable from 
a scattering reaction. Lastly the capture of the neutron can produce a fission, a reaction in 
which the energy is sufficient to divide the nucleus in two heavy charged fragments. Neutrons 
and gamma rays are also emitted, prompted or with various delays. These phenomena can be 
used to reveal neutrons and measure the energy deposited by them in matter, and are widely 
exploited by many measure instruments.  
 
 
Figure 2.4 –  235U microscopic cross sections 
 
The absorption cross section has usually a 1/v behaviour, superimposed to large resonances 
peaks in some materials. The cross section for the various phenomena is shown in Figure 2.4 
for the isotope 235 of uranium, as well as the total cross section. 
2.1.5 The neutron-10B interaction 
The boron has two stable isotopes, 
11
B and 
10
B. The natural abundance is of the 80.2 % and 
19.8% respectively. The reaction among thermal neutrons and 
10
B is one of the most wide 
used for their detection. That reaction can be written as: 
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   →    
 
 
    
           (2.6) 
 
   
   →    
  
 
    
           (2.7) 
 
The two possible ways came from the fact that lithium can be produced either in the 
elementary or excited state, in the latter case it will promptly ( 10-13 seconds) emit a 0.48 
MeV gamma ray. When induced by thermal neutrons, the relative probability of the two 
reactions is of 6% and 94% respectively. The energy imparted to the reaction products is 
considerably higher than the incident neutron one. As a result the neutron initial energy 
results no measurable. Also the incoming linear momentum is really low, so the produced 
particles will be directed in opposite directions and with energies that can be calculated by 
simple equilibrium equation, as shown below: 
  
        
 
 
      
  
 
 
    
          (2.8) 
 
            (2.9) 
             (2.10) 
 
 
           
(2.11) 
                          
Calculus was performed for the most probably reaction, the one in which the lithium is 
produced in an excited state. This reaction produces heavy charged particles that are highly 
ionizing and so easy to detect, because they release all of their energy in a short path. 
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Furthermore the capture cross section of the 
10
B is really high for thermal neutron, 3840 b, but 
this value rapidly decrease with the increase of neutron energy, as shown in Figure 2.5. 
 
 
Figure 2.5 – Capture cross sections of 10B, 6Li and 3He 
 
2.1.6 The neutron - 6Li interaction 
The 
6
Li isotope of Lithium can also be suitable for neutron revelation. The reaction that is 
used is the one in equation 2.3 
 
 
    
  →   
 
 
    
          (2.12) 
 
The energy imparted to the two products can be found by balance equations similar to those 
adopted before for boron, and it is equal to: 
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           (2.13) 
 
           (2.14) 
 
The cross section for thermal neutron of this reaction is equal to 940 b. Figure 2.5 shows that 
the capture cross section of lithium remain lower than the boron one until the resonance 
region ( > 100 keV), but the higher energy imparted to reaction products balances this 
disadvantage. The natural abundance of the 
6
Li lithium isotope is 7.4%. [7] 
2.2 Dosimetry 
Ionizing radiations can produce biological damages to persons who are exposed, and then a 
dosimetric program has to be implemented in every field where human exposure can happen. 
As indicated by ICRP in its recommendation number 103 of 2007, in fact, a good dose 
monitoring system assure not only the protection of people involved with uses of ionizing 
radiations, but also avoid unnecessary limitation to the exploit of useful radiological technics 
[8]. 
2.2.1 Dosimetric quantities 
The application of such a dosimetric system pass first of all through the definition of special 
dosimetric measure units and their law limits.  
 Absorbed dose 2.2.1.1
The absorbed dose D is the fundamental dosimetric quantity and it is valid for every type of 
radiation and irradiation geometry. It is defined as the ratio between the mean energy 
deposited by an ionizing radiation   ,̅ to a quantity of mass   : 
 
 
  
  ̅
  
 (2.15) 
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The special unit in the SI system for absorbed dose is the gray, where 1Gy = 1 J/kg. The dose 
is obtained by the mean value of the casual quantity deposited energy,  , and so it does not 
account for the fluctuation of the single events. Despite of being defined in every point, the 
value of the dose is a mean on a mass   . It accounts implicitly for all the interactions of the 
radiations, inside and outside the defined volume. Its definition has the necessary scientific 
rigor requested to a physic quantity, it is measurable and primary standards for its 
determination do exist. In practical application the dose is averaged on much greater volumes. 
The mean dose absorbed in an organ or a tissue T,  ̅  is defined as: 
 
 
 ̅  
∫                    
 
∫           
 
 (2.16) 
 
In equation 2.16 V is the volume of the tissue, D is the absorbed dose at the point of 
coordinates (x,y,z) and   is the density in that point. Usually  ̅  is indicated just as    
 Equivalent dose and radiation weighting factor wR 2.2.1.2
Many studies on the biological relative effectiveness (RBE) of radiations has highlighted that 
different kinds of them have different capacity to produce damages in the cells, and this is 
particularly true for stochastic effects (i.e. the probability do develop cancer). 
Table 2.2 - Radiation weighting factors 
Type of radiation Radiation weighting factor   
photon 1 
electrons and muons 1 
protons and charged pions 2 
  particles,fission fragments, heavy ions 20 
neutrons 
cointinuos curve function of energy 
(see equation 2.17 and figure 2.6) 
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The RBE concept is then used in radiobiology to indicate the different efficiency of radiations 
in producing biological damages: these differences arise from the different energy deposition 
processes in matter, and depend on the radiation LET, namely the linear energy transfer. The 
aspect that most  influences these differences is the spatial resolution of the ionizing events, 
because they can create damages to the DNA structure that can be one near to the other or not 
(also referred as single strand breaks, SSD,  and double strand breaks, DSB). The radiation 
weighting factor,   , was introduced for the first time by Publication 60 of ICRP and it is a 
factor used to account for the different biological damages produced from different radiations. 
Such diversity is evaluated using photons as valour 1. The valour assigned to other radiation 
depends on their type and energy. The Publication 103 updated these values, as shown in 
Table 2.2. For neutrons a continuous curve is indicated, derived from equation 2.17 and 
shown in Figure 2.6. 
 
 
   
{
 
 
 
           [      ]
 
                                       
          [       ]
 
              
          [          ]
 
                               
 (2.17) 
 
 
Figure 2.6 – Neutron weighting factor 
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The equivalent dose in an organ or tissue T by a radiation R is then defined as: 
 
 
   ∑     
 
 (2.18) 
 
In equation 2.18    is the radiation weighting factor for radiation R. The summation is made 
for all the radiations that strike the organ. The special SI unit for the equivalent dose is the 
sievert, where 1 Sv = 1 J/kg.  
 Effective dose and the tissue weighing factor wT 2.2.1.3
The effective dose E was introduced by Publication 60 of ICRP and it is defined as: 
 
 
  ∑     
 
∑  
 
∑     
 
 (2.19) 
 
In the equation 2.19     is the weighing factor for a tissue T.  
 
Table 2.3 - Tissue weighting factor 
Tissue Tissue weighting factor    
∑   
Bone marrow, colon, lung, 
stomach, breast, remainder tissues 
0.12 0.72 
gonads 0.08 0.08 
Bladder, esophagus, liver, thyroid   0.04 0.16 
Bone surface, brain,  
salivary gland, skin 
0.01 0.04 
 Total 1.00 
 
The sum of the    is equal to 1 and it is done on every human organ or tissue considered 
sensitive to the effects of radiation. The values of the    are shown in Table 2.3and they are 
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chosen to represent the contribution of every single tissue to the overall damage done by 
stochastic effect of ionizing radiation. The effective dose is measured in sievert. [8] [9]  
An overall description of the relationship between absorbed, equivalent and effective dose is 
shown in Figure 2.7. 
 
 
Figure 2.7 – Relationships between absorbed dose, effective and equivalent dose 
 
 Exposure 2.2.1.4
The exposure X is a physical quantity defined as the ratio between the total charge     
collected when all the ions of a sign produced in air by the secondary radiation emitted by 
photon interactions in a mass     of air are collected: 
 
 
  
  
   
 (2.20) 
 
From the definition of exposure can be seen that it is valid only for photon interaction in air. 
The SI unit for exposure is the C/kg, before it the roentgen was used,1 R = 2,52 10
-4
 C/kg. 
 24 
 
 Kerma 2.2.1.5
Kerma  is an acronym for Kinetic Energy Released per unit Matter. Kerma is a non-stochastic 
quantity suitable to describe the interaction with matter of indirect ionizing radiation, like 
neutrons and photons. It represents the energy transferred from these to secondary ionization 
radiation that are created after the first interaction, but it gives no indication on the further 
phenomenon, in which the secondary radiations deposit their energy to the medium. Kerma 
can be expressed as:  
 
 
  
  ̅  
  
 (2.21) 
 
The unit for Kerma is the grey. 
2.2.2 Law limits 
ICRP not only defines the dosimetric quantities, but also suggest dose limits that are different 
for working exposures or public ones. Those limits have to be regarded as a part of a most 
wide scheme of radioprotection culture, and so they have to be submitted to the application of 
the basic radioprotection principals:  
 justification 
 optimization (ALARA) 
 limitation 
It has to be particularly clear that those limits has no to be considered as the maximum 
allowed level of exposure that can be tolerated, but the final goal should always remain to 
keep that exposure as low as reasonable achievable, as prescribed by the optimization 
principles. The limit proposed by ICRP are presented in Table 2.4, they were adopted by the 
Italian law, along with the radioprotection principles, with the D.Lgs. 230/956 [6] [10] [11]. 
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Table 2.4 – Annual dose limits 
Kind of limit Occupational exposure Public exposure 
Effective dose 20 mSv 1 mSv 
Eye lens equivalent dose  150 mSv 15 mSv 
Skin equivalent dose  500 mSv 50 mSv 
Extremity equivalent dose  500 mSv -- 
 
2.2.3 Dosimeter: definition and essential features 
A dosimeter is an instrument that can measure one of the dosimetric quantities defined in the 
paragraphs above or their rate (temporal derivative). To do that, the dosimeter should have at 
least one physics characteristic that is a function of the dosimetric quantity measured. The 
general features that a good dosimeter should have are: linearity; accuracy and precision; 
independence from dose rate, radiation energy and irradiation geometry; good spatial 
resolution; low fading (i.e. signal lost during storage time) and low sensitivity to background 
radiation. [11] Personal dosimeter should also be easy to use, light and transportable, 
identifiable, economic and they should have a wide equivalent dose range (0,1 mSv  10 Sv). 
Publication 60 of ICRP introduced new requirements for neutron dosimeter, they are: 
 Minimum revelation level minor or equal to 10 Sv 
 Reading resolution in tenths of Sv 
 Uncertainties on reading of the equivalent dose of a factor of 2 and independent from 
neutron spectrum 
 Reading independent from the irradiation geometry  
 Effective dose reading coherent, with the change in energies, with the radiation 
weighting factor   . [12] 
Many different dosimeters can be found in commerce, everyone based on different physical 
properties. The most used are the ionization chambers, film detectors, luminescent dosimeter 
(TLD and OSLD), semiconductor dosimeter, gel dosimeter, track detectors, electronic 
dosimeter and superheated emulsions dosimeter. Every one of these can be made in different 
shapes and sizes to meet the different request of the user.  The dosimeters are classified not 
only by the physic principle that they use, but they are also divided in active and passive. The 
formers need an energy source, for example a battery, but they can give the dose value (or its 
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rate) in real time. An example of such dosimeter is the electronic one or the ionization 
chamber. Passive dosimeters do not need a power source to work, but they can only be read 
after the exposure. The film dosimeter, the etched track detectors and the luminescent 
dosimeters are of this latter type.  
2.2.4 Passive neutron dosimeter: state of the art 
A wide use of passive solid state dosimeters is done in personal neutron dosimeter, thanks to 
their low cost and good reliability. The material studied in this work is suitable to create 
dosimeters of this category, so the most common solutions adopted since now will be briefly 
discussed.   
 Nuclear track emulsion 2.2.4.1
These were the first developed dosimeters and for a long period they have been the most wide 
used in the neutron personal dosimetry. The revealing and counting of the tracks created by 
the secondary radiation in a medium is the principal adopted by these dosimeters. Their use is 
decreased in time, while other methods arose, particularly because they have a too high 
discrimination threshold. They are cheap, but the reading can be laborious. Recent 
developments have been oriented to the creation of automatic reading systems, based on 
informatics algorithms.  
 Thermo luminescence albedo dosimeter 2.2.4.2
Thermo luminescence dosimeter soon became one of the most adopted solutions for personal 
dosimetry thanks to their low price, simple use, possibility of automated reading, linear 
response and low discrimination threshold. They use the possibility exhibited by some 
material to trap in the forbidden band the charge carriers (electrons and holes) created after an 
ionizing event. Such trapping is possible thank to trap sites created by defect in the structure 
of the material. Heating the sample the charge carriers are released, and they can recombine 
emitting a quantity of light proportional to the absorbed dose. For the neutron dosimetry they 
are used as albedo dosimeters, exploiting the moderation and reflection of the neutrons 
performed by the human body.  
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Figure 2.8 – Thermo luminescence dosimeters  
 
The thermal neutrons then have good probability to interact with high cross section material 
like 
6
Li contained in enriched lithium fluoride. To discriminate the dose due to photons, a 
second not enriched dosimeter is adopted, and then the difference from the two counting 
represents only the neutron dose. A reliable counting is obtained only in presence of a high 
ratio between neutronic and photon dose. Furthermore the response of these dosimeter drops 
sharply for neutrons of energies above       keV. New interpretation of the glow curve and 
the effect of dopants are under study to overcome these limits.  
 Etched track detectors 2.2.4.3
Along with TLD dosimeters these detectors have been for a long time the most wide used in 
neutron dosimetry. They make use of reaction with 
6
Li, 
10
B or 
14
N to detect thermal neutron, 
and recoil protons generated in plastic material for fast neutrons.  
 
 
Figure 2.9 – Etched track detector principle 
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This make the etched track detectors particularly suitable in application with wide range of 
neutron energies. The secondary charged particles produce damages in a plastic film, 
producing tracks that are then counted after a chemical attack with NaOH or KOH. In the last 
years these technics have benefited from the progress of computers and digital cameras. These 
devices made possible to achieve a high grade of automation in the reading procedures and an 
enhancement in the discrimination from the natural background, thanks to coincident events 
counting technics using two overlapping films. 
 Superheated emulsion 2.2.4.4
The superheated drop detectors and bubble detectors are made with a vial containing 
superheated droplets of a hydrocarbon substance dispersed in a water base gel or a polymeric 
gel. The droplets remain in a metastable state inside the gel, until a neutron interaction makes 
them evaporate and then revealing it. Varying the number, the dimension and the chemical 
composition of the droplets the different dosimeters can be made suitable to evaluate various 
radiation fields, and among them also neutron fields. One of the advantages of these 
dosimeters is their good discrimination between photon and neutron dose. They are 
considered the devices with the best energy dependence and the lowest revelation threshold, 
but some doubts still remain on their reliability and durability and then they are not as much 
diffused as other dosimeters. Studies to completely understand the physic phenomena 
involved in this dosimeter are still performed [6] [13] [14]. 
2.3 Optically stimulated luminescence 
The first who spoken about the phenomena of thermo luminescence (TL) and optically 
stimulated luminescence (OSL) was Robert Boyle in the seventeenth century: in his treatise 
on color Boyle describes a “glimmering light” produced when a diamond is heated. In the 
1800s Edmond and Henri Becquerel’s studies on phosphorescence highlighted how the light 
emission from an irradiated sample could be increased or decreased illuminating it with 
visible light. The origin of these phenomena was not clear in those years, but already in 1895 
Weidemann and Schmidt proposed a theory that explained the luminescence as an effect of 
dissociation and recombination of positive and negative charges. They gave to this reaction 
the name “thermoluminescenz”. Only in 1963 someone started speaking about optically 
stimulated luminescence: Fowler introduced this concept in a study in which he also 
suggested the possible use of this phenomenon for medical dosimetry purposes. Although 
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OSL and its suitability for dosimetry was known since ‘60s, its use were in the first moment 
impaired by the absence of a material with the necessary characteristics of radiation 
sensitivity, high luminescence output, low effective atomic number and low fading. The first 
material to be employed as an OSL dosimeter (OSLD) was aluminium oxide doped with 
carbon. Many other materials have been developed in the last years and the OSL technique 
has been used in retrospective dosimetry (for archaeological dating and post-accident 
dosimetry), personal and environmental dosimetry. [15] [16] [17] [18] [19] [20] 
2.3.1 Physical principle 
The optically stimulated luminescence phenomenon can be produced only in insulating or 
semiconductor material. In these materials the valence band and the conduction band are well 
separated by a so called forbidden band or energy gap. To make the electrons pass from the 
valence to the conduction band is necessary to give them an amount of energy at least equal to 
the difference between the two levels. This energy can be transferred to electrons by an 
ionizing event due to an interaction of a radiation with the medium. By mean of this 
ionization a pair of charging carriers is created: an electron and a hole, that is regarded as a 
positive charge (being the absence of a negative charge). The presence of defects in the 
material can create some energy levels in the forbidden band, and in this levels charge carriers 
can be trapped and remain for a long time. The interaction with the radiation brings then the 
system from a stable state to a metastable one.  
 
 
Figure 2.10 – Trapping mechanism in a crystalline material  
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Those defects can also serve as recombination centers for the charge pairs, when sufficient 
energy is given to the material to make them free from the traps and allowing them to return 
in the conduction band. Figure 2.10 shows the trapping and recombination mechanism. The 
above mentioned band theory, that fit well for crystalline material, was developed using the 
concept of a semi-infinite periodic lattice that gives rise to a periodically varying potential. 
The material studied in this work is a glass, then exhibits an amorphous structure. In materials 
that do not have a long range periodical order, random potential fluctuations appear and then 
the band theory as exposed above falls in defect. However, by placing a limit to the size of the 
fluctuations, solutions to the Schrödinger equation can be obtained. The density of state 
function, Z(E) in Figure 2.11, partially extends to the gap where it is finite though small.  
 
 
Figure 2.11 – Density of state function Z (E) for a non-crystalline material (a) and a crystalline one (b) 
 
Over a certain range of energies the levels are localized, then an activation energy is required 
to rise an electron from the localized state to the delocalized valence and conduction bands. A 
glass can still be regarded as a semiconductor, with an energy level Ef placed mid-way 
between the valence and the conduction band where Z(Ef) 0. This allowed energy level can 
be explained as an overlap of intrinsic donor and acceptor states in the gap such that Z(Ef) is 
finite. The donors and acceptors levels arise from point defects in the so called continuous 
random network of the material. In compounds material, such as a glass, these defects can be 
not bridging atoms, i.e. oxygen bonded with only one silicon atom in SiO2. Due to the host 
lattice being amorphous, the localized energy levels tend to be distributed in energy rather 
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than being discrete. However, glasses can still be regarded as having conduction and valence 
band, separated by an energy gap, called mobility gap. This gap contains localized energy 
level which can act as charge traps. A model made by allowed zones separated by a gap that 
contains traps centres can then still be adopted for this kind of materials [21] [22]. The charge 
creation, trapping and recombination mechanism is still valid for an amorphous 
semiconductor material. As for a crystal, if energy is delivered to the glass after the 
irradiation, the trapped charge carriers can be released and undergo recombination. During 
recombination events a quantum of light is emitted. This phenomenon can be used to evaluate 
the dose received by the material. The emitted light is collected by a photomultiplier tube, in a 
dedicated reader, and converted in an electric signal. Usually the intensity of light in function 
of time is recorded, obtaining a luminescence vs time curve. Figure 2.12 shows an example of 
some of these curves for different doses. 
 
 
Figure 2.12 – OSL glow curves 
 
The integral of the curve depends on the collected light and then ideally on the dose absorbed 
by the medium. The light is proportional to the number of charge carriers created and this 
number is proportional to the absorbed dose. The dosimetric techniques differ one from the 
other by the methods used to give to charge carriers the energy to return in the valence band: 
if the dosimeter is read by heating it we call it thermo luminescence, if the energy is given by 
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a light of a determined wave length (UV, visible light or infrared) we call it optically 
stimulated luminescence. [16] 
2.3.2 Reading methods  
Several techniques can be used to read the dosimeter through the optical stimulation.  
 
 
Figure 2.13 – OSL Intensity vs. time reading methods  
 
The most used are the continuous wave (CW-OSL), the linear modulation (LM-OSL) and the 
pulsed light (POLS). Every one of these method uses a different light pattern. In Figure 2.13 
an example of intensity vs time of the stimulating light is shown for every technique.  
 CW-OSL 2.3.2.1
The first method historically employed for OSL dosimeter reading was to enlighten them with 
a constant intensity light and at the same time collect the emitted signal. The light can be a 
laser or a broadband source associated with filter to select the requested wavelength. Since the 
reading is done contemporary to the stimulation, it is necessary to filter the response to 
discriminate the two lights and avoid that part of the stimulating signal would be reflected to 
the reader. The registered curve has usually an exponential decay shape, due to the 
progressive release of the charge carriers from the traps. The reading is the integral of the 
emission signal, namely the area below the curve. 
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 LM-OSL 2.3.2.2
Instead of a continuous weave light, in this method a linear growing stimulation is used. In 
this case in a first time the curve is observed to increase linearly while the traps are depleted, 
then it decrease not linearly to zero. The curve has then a peak shape, and the position of the 
maximum depends on the increasing rate in the stimulation intensity and on the cross section 
for the photoionization of the traps. In this way, given a stimulation ramp is possible to 
discriminate the contribution of the different type of traps.  
 
 
Figure 2.14 – Linear modulation method’s glow curves 
 
 POLS 2.3.2.3
This technique uses a pulsed stimulating light. Carefully chosen frequency and pulse width 
make possible to read the signal between two pulses, since it is emitted with a delay.  
 
 
Figure 2.15 – POLS technique 
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This creates an automatic filtration, because stimulation and reading are not performed at the 
same time. POLS technique then demands for less optic filtration and with the right 
parameters a high light collection efficiency can be achieved. Another characteristic of the 
pulsed light method is the possibility to image the dose distribution using a filter positioned 
on the dosimeter. This make possible to know if the device has been used while moving or 
statically. An example of this use is reported in Figure 2.16, that shows also the Fourier 
transform of the image, from which the blurriness level can be derived.  
 
 
Figure 2.16 – Dose imaging and its Fourier transform by POLS technique 
 
2.3.3 Advantages of OSLD over TLD 
OSL techniques present many advantages over TLD. The most important are: 
 the method is completely optic, then there is no need to heat the dosimeter. This 
eliminate the loss of signal related to thermal quenching and the necessity of a reliable 
and repeatable heating scheme; 
 a plastic matrix can be used, resulting in robust dosimeter that are also sensitive to fast 
neutrons by recoil protons; 
 OSL dosimetry has high sensitivity: a sufficient signal can be collected even if not all 
the traps are emptied. In this way the dosimeter can be read more than once; 
 reading process can be made fast adjusting the stimulating power. This can be useful if 
many dosimeters have to be read [17] 
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2.4 The vitreous state 
The word glass is used to indicate those substances that at room temperature exhibit the 
rigidness typical of a solid, but having not the crystal structure that defines such a physic 
state. The glass is then an amorphous solid that has no long range order in its molecular 
structure. If for its stability it can be assimilated to a solid, this lack of order makes it not 
suitable to be defined as that. Then a glass material cannot be classified neither as solid or 
liquid, and often it is regarded as vitreous state. Another accepted definition is the classic one, 
that sees the glass as a super-cooled liquid, or also as a liquid with infinite viscosity. It can be 
also defined as a non-crystalline solid that shows the glass transition phenomenon.  
 
 
Figure 2.17 – Glass volume reduction vs. time 
 
To understand this transition we can consider a material that is above its melting temperature, 
  . In the specific volume vs. temperature diagram in Figure 2.17, this condition is indicated 
with letter A. Cooling the material, its specific volume decrease due to the lower thermal 
agitation of its molecules. Approaching the melting point this shrinking became even more 
drastic, because the molecules organize themselves in crystals, that are formation repeated 
with a regular period. The shrinkage is represented by the B-B1 line on the diagram. If the 
temperature keeps reducing the volume will continue decreasing in a slower way, since the 
molecules arranged in crystals have less freedom of movement. This is highlighted by the 
smaller inclination of the line B1-C in respect to A-B. Going back to melting temperature, on 
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point B, it can be seen how another cooling path is possible, in a much more fast way than the 
previous one. The faster cooling make not possible for the molecules to form crystals, then we 
obtain a so called super-cooled liquid. Also in this case the volume will decrease with the 
temperature, but the shrinkage will be less pronounced due to the absence of order between 
molecules. To better understand this phenomenon we can consider that the viscosity of the 
liquid grows considerably as it cools down. As a consequence of this increase there will be a 
point, indicated as E in the figure, where molecules can do no more movements and then 
cannot form crystals. Starting from this point the material will continue to cool down keeping 
the structural characteristic of a liquid, then no long range order between molecules, but 
having the appearance of a solid. This phenomenon is called glass transition and it happens at 
glass transition temperature,   . Above this temperature the material is liquid, below that it 
exhibits the behaviour of a solid. The final specific volume will be higher in this case, as can 
be seen on the graph, due to the less internal organization. In theory any material can be 
produced in glassy state if it is cooled fast enough, but indeed only the substances that 
experience a great increase in viscosity with cooling can be produced in such a state. [23] [24] 
2.4.1 Network former, modifier and intermediates 
While common glasses are fused mixtures of inorganic oxides, among the reagents different 
kinds of oxides are classified as: 
 Network former: oxides that can form a glass by themselves. They are the only one 
essential ingredient to form a glass, and the most common used is the SiO2. It forms 
tetrahedral structure units that share corners. B2O3, the network former of the glass 
studied in the present work, is known to form triangular structures.  
 Network modifier: this kind of oxides disrupts the continuity of the network, lowering 
the melting temperature of the glass and modifying some of the characteristic of the 
material. Usually they are alkali metal oxides or alkaline earth oxides and they try to 
occupy the vacancies in the continuous structure.  
 Intermediates oxides: these are oxides that cannot form a network by themselves, but 
under certain condition they can either join an already existence network or occupy a 
vacancy in it. 
The glass studied in this work is a borate glass made with lithium potassium and magnesium 
oxides. K2O and Li2O are known to have a behaviour similar to Na2O, then they markedly 
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lower the melting temperature while rises thermal expansion and ionic conductivity. Both of 
them also reduce the durability of the glass. K
+
 ion are larger than the Li
+
 ones, then they have 
less mobility inside the network. Magnesium oxide, on the other hand, inhibits the mobility of 
alkali ions and then increases durability but shortens the working range. [25] 
2.4.2 Borate glasses 
Borate glasses are formed by a three dimensional net of boron-oxide triangles. Borate glass 
typical structural elements are shown in Figure 2.18. 
 
 
Figure 2.18 – Borate glass structural elements 
 
These glasses show a high concentration of lanthanide ions, and then they exhibit good 
optical properties and high refractive index. These aspects make them suitable for production 
of spherical lens with low aberration. They also resist to thermal shocks having a low thermic 
expansion coefficient. Some aspects that make possible to use borate glass in OSL dosimetry 
is their chemical stability, mechanical strength, easily melted and capability to accept 
transition metal ions (doping material). The glass object of study in this work is a borate glass. 
[23] [26] [27] 
2.5 Analytical methods 
In order to characterize the physical properties of the studied material, in this work many 
different analytical methods have been adopted. In the following paragraphs differential 
thermal analysis and thermo gravimetric analysis, Uv-Vis spectroscopy and X-ray diffraction 
will be discussed.  
2.5.1 Thermal analysis 
This technique dates back to Le Chatelier and can give information on physical, chemical and 
mechanical changes in substances as they are heated. Thermocouples measure difference in 
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temperature between the sample and an inert reference as they are heated. The differential 
temperature output is plotted against time, and this value indicates energy gains or losses 
corresponding to chemical or physical changes occurring at defined temperature. Some of the 
information that can be obtained by this analysis are sublimation, vaporization, melting or 
freezing points of crystalline solids, as well as the existence of glass transitions [28]. Along 
with differential thermal analysis  (DTA) thermo gravimetric analysis (TGA) can be 
performed during the same measurement. This technique measures the mass changes of the 
sample during the eating process at constant heat rate, plotting it against time or temperature, 
and compares it with the changes in an inert material. From this technique can be obtained 
informations over losses in mass due to phenomena like evaporation, decomposition or 
oxidation that can occur in the sample at different temperatures. 
2.5.2 UV-visible light Spectroscopy 
 
 
Figure 2.19 – Uv- visible spectroscopy  
 
Spectroscopy is one of the most important and wide used analytical technique and it is based 
on the study of emission and absorption of light and other radiation by a sample. It is 
extremely sensitive, since it is capable to detect single atoms and even isotopes of the same 
element among 10
20 
or even more atoms of different species. This is performed by production 
and analysis of a spectrum, by means of a source of light, a disperser to separate the different 
wavelengths, and a detector. A schematic of a spectroscopy system can be seen in Figure 
2.19. Spectrophotometer is the name of the apparatus that accepts light, separates it and reads 
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the spectrum. Spectra can be obtained either in the form of emission spectra (emission 
spectrometry), which show one or more bright lines or bands on a dark background, or 
absorption spectra (absorption spectrometry), which have a continuously bright background 
except for one or more dark lines. Exists many different type of spectroscopy techniques and 
in this study was used the ultraviolet-visible (UV-Vis) light spectroscopy. [29] 
2.5.3 X-Ray diffraction 
With X-ray diffraction (XRD) it is possible to get useful information on the structure of a 
sample material, identifying the presence of crystalline structure and their shape. Data on 
crystalline net geometry constants, orientation of crystals, defects and unknown material can 
also be collected. In the powder XRD method a monochromatic X ray beam is directed 
against a milled sample. It is important to avoid specific diffraction plane during the 
measurement, and to achieve this the crystals have to be randomly oriented. Usually this is 
achieved by a continuous rotation of the sample holder during the measurements.  An aliquot 
of the incident x rays is reflected by every parallel plane of regularly spaced atoms.  
 
 
Figure 2.20 – X-ray diffraction principal 
 
Crystallographic plane are separated by a distance d, so the difference between rays reflected 
by adjacent planes is      , where    is the incidence angle. Only when the difference is 
equal to an integer number n of wave length  constructive interference happens. [6]The 
radiation interference for diffracted rays can be described by Bragg’s law: 
 
 
          (2.22) 
 
 40 
 
Every crystalline material has a characteristic diffractogram, and then this method can be used 
to analyse different crystalline material, as well as to identify amorphous phases. Crystalline 
phases are represented on the diffractogram as sharp lines, while amorphous one as smooth 
areas.  
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3 Materials and methods 
The possibility to use a glass for dosimetry with TLD techniques was investigated in various 
studies [3] [4] [30] [31] [32] [33]. KLB, a borate glass made from lithium carbonate, 
potassium carbonate and boric acid doped with different elements, showed good 
characteristics in term of linearity, sensitivity and Zeff [3] [4] [33]. However, its suitability for 
OSL technique was never investigated before. Besides investigating this possibility, in the 
present work a new composition for this material was also studied, where magnesium oxide 
(KLBMg) was added as a major component of the glass network rather than a dopant to 
improve the characteristics of the glass. The physical and luminescence properties of this new 
composition were investigated and compared to glass made without magnesium oxide. All the 
samples were prepared in the materials preparation laboratory of the Federal University of 
Sergipe, Brazil.  
3.1 Glass production 
Three glass compositions were tested, in order to make a comparative analysis of the effect of 
the magnesium oxide on the features of the glass, particularly on luminescence, resistance to 
high temperature and hygroscopicity. The prepared samples contain 0, 5, and 11% molarity of 
magnesium oxide, respectively. We will refer to them in the discussion as KLB, KLBMg5% 
and KLBMg11%. A wet quenching method was adopted, that consists in melting the reagent 
in a furnace and then rapidly cooling the obtained glass to room temperature. A fast cooling 
ensures the amorphous structure of the sample. More details about the preparation procedure 
will be discussed in the following paragraphs. 
3.1.1 Composition 
The produced material was a borate glass made with boric acid, lithium carbonate, potassium 
carbonate and magnesium oxide: 
 
                           
 
where a,b,c,d are the molar percentages of each reagent. The adopted values are shown in 
Table 3.1. Three compositions were tested in order to study the influence of the magnesium 
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on the physical and luminescence properties of the material, with a molar percentage of 
magnesium oxide equal to 0, 5 and 11% respectively.  
 
Table 3.1 - Glasses molar compositions 
Reagents                                        
                         
                             
                                
 
3.1.2 Reagent preparation 
The reagents used for the glass were: 
 Potassium carbonate supplied by Neon, 99.7% purity; 
 Lithium carbonate supplied by Maxiflux, 99% purity; 
 Boric acid supplied by Riedel, 99% purity; 
 Magnesium oxide supplied by Sigma-Aldrich, 99% purity. 
All the compounds were in powder form. They were weighed with a Kern-410 scale and then 
put in an agate mortar and manually milled for 30 minutes with a pestle.  
 
 
Figure 3.1 – Milled reagents in a mortar 
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The milling process assures a homogeneous dimension of the powder’s grains, as well as an 
effective mixing. Mixture samples of 5 or 7 grams were prepared.  
 
3.1.3 Thermal cycle 
The obtained powder was poured in a platinum crucible (Pt : 5% Ag) covered with a lid to 
minimize evaporation during the melting and then put in an EDG-3000 furnace at 950 °C. 
 
  
Figure 3.2 – Mixed reagents in platinum crucible 
 
After 1 hour, the crucible was pulled out and the molten glass was quickly cast in a graphite 
mould at room temperature. The fast cooling below the glass transition temperature is 
essential to obtain a glassy material. A picture of the obtained glass is shown in Figure 3.3. 
The characteristic transparency of the glass can be seen, that is a first indication that an 
amorphous material was produced. 
 
 
Figure 3.3 – Cast glass 
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Part of the glass remains in the platinum crucible, that was then submerged in hydrochloric 
acid until it was completely clean (24-48 hours). 
3.2 Dosimeters production 
Some dosimeters were produced with different kinds of glass by sintering a mix of glass 
powder and Teflon in pellets of 6 mm diameter, 1 mm thickness and approximately 50 mg 
weight. Various amounts of dosimeters were produced, due to the different aliquot of glass 
that is obtained with every casting. The ten best dosimeters of each composition were then 
selected for the luminescence property tests.  
3.2.1 Glass milling  
After the casting procedure, the glass was milled in an agate mortar, obtaining a fine and 
white powder that was then sifted. Stacking two sieves of 150 and 75 m (100 and 200 tyler 
mesh, respectively) it was possible to obtain a powder with an intermediate granulometry. 
The amount of powder that passes also through the second sieve has a grain dimension less 
than 75 m, then it is suitable to be analysed with techniques such as X-ray diffraction and 
thermal differential analysis.  
 
 
Figure 3.4 - Sieves 
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3.2.2 Mixing with Teflon 
A preliminary attempt to produce a pellet only with glass was done. The product was hard and 
very brittle, and then not satisfying because it was not resistant to handling. The glass powder 
was then mixed with Teflon to give it higher mechanic strength, since Teflon is known to be 
an inert and stable polymer widely used for dosimeter production for research [6] [34]. The 
glass-Teflon mix was poured in the mortar and milled in order to achieve an effective mixing 
and a more homogeneous grain dimension. A 3:1 mass ratio between glass powder and Teflon 
was adopted (37.5 mg of glass and 12.5 of Teflon). A 2:1 ratio proved to be sufficient to 
obtain stable pellets with other materials [6], but the amount of polymer had to be kept as low 
as possible, since more Teflon means less glass and then less material sensitive to ionizing 
radiation. Moreover, mixing Teflon with the glass powder presents some difficulties, due to 
its tendency to agglomerate. While milling, the powder mixture forms some agglomerates; to 
mix the two reagents efficiently and homogenize the granulometry as much as possible it is 
necessary to break the mass and mill it again several times. The final material exhibits small 
agglomerates of Teflon dispersed in the glass powder, but can be considered a coherent 
material and not a powder anymore. With this procedure small amounts of the desired weight, 
about 50 mg, were prepared for the next step.   
3.2.3 Pressing in pellet shape 
The mixture of glass powder and Teflon was poured in a stainless steel pellet maker (Figure 
3.5). The pellets were obtained pressing the powder to approximately 10 MPa for 1 minute 
using a hydraulic press.  
 
  
Figure 3.5 – Pellet maker 
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3.2.4 Sintering 
The obtained pellets were compact and stable, but they were still too brittle and then a 
sintering process was required. The pellets were sintered in a 1800-EDF furnace inside a 
covered tray. The sintering process creates contacts between the glass and plastic particles 
reducing porosity and thus the brittleness.  The thermal cycle, already adopted to create 
dosimeters in previous studies [6] [34], is shown in Figure 3.6. With a heating rate of 25 °C/s, 
the pellets were brought to 300 °C and kept at that temperature for 30 minutes, then the 
temperature was raised until 400 °C with the same heating rate. After 90 minutes, the 
sintering process is completed and free-rate cooling was allowed in the closed furnace.  
 
 
Figure 3.6 – Adopted sintering thermic cycle 
 
Once 50 °C were reached, the furnace could be opened and the tray cooled to room 
temperature. The obtained pellets (Figure 3.7) are compact and hard, and tough enough to be 
handled with tweezers. They present a clear white-grey color.  
 
 
Figure 3.7 – Produced dosimeters 
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Irradiation and reading were then always performed exposing the unmarked side to the source 
and to the stimulating light. The pellets where then weighed. The starting weight can be used 
as a reference to see if significant loss in mass is experienced, pointing out a brittleness of the 
pellets and giving advice on the effectiveness of Teflon in order to improve pellets stability. 
In the same way, a growth in the mass value can be evidence of moisture absorption.  
3.3 Characterization with analytical methods 
The glass composition proposed in this work, with the magnesium oxide used not only as a 
dopant but as an effective matrix component, had never been studied previously. A 
characterization of the physical properties of the material was then performed by X-ray 
diffraction analysis, thermal analysis, UV-Visible spectroscopy and tests on the 
hygroscopicity. 
3.3.1 X-ray diffraction 
To confirm that an amorphous material was obtained, an X-ray diffraction analysis was 
performed for each composition before and after the melting process. The samples were in 
powder form to avoid the presence of preferential reflection planes of the crystals during the 
test. These measurements were performed in the Physics Department of UFS with a Rigaku 
RINT 2000/PC X-ray diffractometer, using CuKα radiation (=1.5418 Å). The tube was 
operated at 40 kV / 40 mA and the scanning was done in continuous scan mode with a scan 
interval 2 between 10 and 80 degrees, 1 degree per minute and at room temperature. The 
results were compared with reference diffractograms of the Inorganic crystal structure 
database (ICSD), with the help of the X’Pert Highscore Plus software.  
3.3.2 Thermal analysis 
Differential thermal analysis (DTA) and thermo-gravimetric analysis (TGA) were performed 
with a TA Instrument SDT 2960 Simultaneous DSC-TGA equipment, shown in Figure 3.8.  
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Figure 3.8 – Simultaneous DSC and TGA equipment 
 
A glass sample in powder form of about 10 mg was poured in a small platinum crucible. The 
crucible was then put on the scale-thermocouple that compares its weight and temperature 
with a reference value during the whole duration of the test. The apparatus is then placed 
inside a furnace to heat it, while a stream of air is used to remove the gases that can arise from 
the sample (a saturation of the developed gases could hinder some reactions, like dissociation 
or oxidation, and modify the measurements). With this equipment, it is possible to measure at 
the same time the differential changes in mass and temperature between the sample and the 
reference during the heating process, from room temperature to 950 °C.  
3.3.3 UV-visible spectroscopy 
The spectroscopy of the light emitted by the sample due to radioluminescence phenomenon 
was performed using an Ocean optics HR 2000 spectrometer. The light was collected with an 
optical fibre placed almost in contact with the powder sample, because the intensity of the 
emitted light is low and then the collecting geometry is critical. The X ray source used to 
stimulate the sample was the same X ray diffractometer machine used for the XRD analysis.  
3.3.4 Emission spectrum 
To obtain the emission spectrum of the optically stimulated glass, a test with a photon 
counting spectrofluorimeter was performed. The equipment used was an ISS-PC1 that uses a 
xenon lamp as a light source and a monocromator to discriminate the collected wavelengths. 
The apparatus is shown if Figure 3.9. After the monocromator the light is converted by a 
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photomultiplier tube in a current signal. A stimulating geometry with an incidence angle of 
60° was used. The tested sample was in powder form.  
 
  
Figure 3.9 – Spectrofluorimeter 
 
3.3.5 Hygroscopicity test 
In order to evaluate the hygroscopicity of KLB and KLBMg and the improvement due to the 
addition of magnesium oxide, two kinds of tests were performed. In the first one some pieces 
of glass were directly immersed in distilled water to determine the action of water on the 
material. Their weight was measured at the beginning and after 1, 24, 48, 72 and 168 hours. 
 
    
Figure 3.10 – Hygroscopicity test  
 50 
 
The second test aimed at evaluating the influence of moisture on the glass:  pieces of each 
composition were placed on a small glass inside a beaker partially filled with water and 
closed with a plastic film, as can be seen in Figure 3.10. The beaker was then put in a dryer 
and kept at a constant temperature of 20 °C. In this way, the glass was maintained in a wet 
atmosphere and away from contamination, and the change in its mass checked at the same 
time intervals indicated above. 
3.4 Irradiation 
Since the glass is sensitive to light and can experience optical bleaching, all the irradiations 
and subsequent handling have to be performed in dark conditions. For this purpose a red light 
emitting lamp can be used, avoiding to erase the signal.  
3.4.1 Beta irradiation 
Beta irradiation was performed with a 
90
Sr/
90
Y source for dermatology applications with a 
dose rate of 7.5±2.1 mGy/s in the Material Lab of UFS [35]. Three pellets at a time were 
irradiated for the evaluation of the dose-response curve, while five at a time were irradiated 
for the reproducibility test. During the irradiation the pellets and the source were kept inside a 
wood box covered with black paper to shield the dosimeter against light.  
3.5 OSL Readings 
 
 
Figure 3.11 – OSL reader system 
 
The OSL readings were performed with a laboratory system (Figure 3.11) developed in the 
ionizing radiation measurements laboratory (LMRI) of the University of Recife. The reader 
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comprises a stimulating light source, a shutter, an electronic control system and a 
photomultiplier tube. The reader is connected to a computer where the software WinLOE 
processes the signal and gives the reading values and corresponding curves. The software was 
also developed by the LMRI laboratory. The stimulating light is supplied by 20 blue emitting 
diodes (LED), its wavelength is 470 nm and the maximum intensity is 50 cd. The reader can 
perform both continuous wave and pulsed reading. The former method was adopted for all the 
measurements, choosing a stimulation and reading time of 20000 ms with a rate of 100 ms per 
channel. 
3.5.1 Signal annealing 
To erase the signal of the pellets between two measurements an optical annealing was 
adopted, using a fluorescent lamp that emits blue light. To determine the time needed to a 
complete annealing, 3 pellets were irradiated and read after different times of exposure to the 
blue light.  
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4 Results and discussion 
In the following chapter, the physical properties of the studied material as well as its 
luminescence characteristics will be illustrated and discussed to evaluate its suitability as a 
dosimetric material. 
4.1 Analytical methods results 
In this study, a new material was produced and tested, a glass made from lithium carbonate, 
potassium carbonate and boric acid with the addition of different amounts of magnesium 
oxide. To confirm that an amorphous material was created, the results of the XRD analysis 
will be displayed in the following paragraphs.  
4.1.1 X-ray diffraction  
To verify that the adopted melting method produced an amorphous material, a comparison 
between the diffractograms of the reagents before the melting procedure and the produced 
glasses was done.  
 
 
Figure 4.1 – Reagents diffractograms before melting process 
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Figure 4.1 shows the diffractogram of the reagents before the melting process. The presence 
of sharp peaks indicates that the compound contains crystalline phases. The peaks were 
compared with the reference diffractograms of the ICSD database, confirming that they 
correspond to the reagents.  
The sintered glass, on the other hand, has a smooth diffractogram, as can be seen in Figure 
4.2. 
 
 
Figure 4.2 – Glass diffractograms 
 
The absence of Bragg’s peaks points out that the material does not contain any crystalline 
phase. Such a pattern is typical of the amorphous structure of glasses, since the x-ray are 
randomly scattered in all direction. The diffractogram exhibits only an amorphous halo, with 
a scattering band in the 30° region due to coordination polyhedrons of the glass random 
network. The diffractograms of the other compositions are similar, then the adopted synthesis 
process correctly produced a glass with each composition. 
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4.1.2 DTA results 
Information over the glass transition temperature, Tg, the starting crystallization temperature, 
Tx, the crystallization temperature, Tc, and the melting temperature, Tm, of the three 
compositions of KLB and KLBMg can be obtained by the DTA diagrams in Figure 4.3. 
 
 
Figure 4.3 - DTA diagrams of the glasses 
 
Table 4.1 – KLB and KLBMg reference temperatures 
 
 
The information over the temperatures of each composition are summarized on Table 4.1. No 
significant differences are encountered about the melting temperature of the three 
compositions samples, represented by a relative maximum on the diagram. The addition of 
magnesium to the glass does not affect this temperature. This is an important result, since a 
Reference temperature KLB KLBMg5% KLBMg11% 
Glass transition temperature, Tg (°C) 300 330 335 
Crystallization temperature, Tc (°C) 500 450 495 
Melting temperature, Tm (°C) 643 643 638 
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higher melting temperature means higher production costs. The glass transition temperature, 
on the other hand, increases with increasing magnesium oxide contents. The 5 and 11% 
glasses present a Tg 30 degrees higher than the 0% one. The transition temperature is 
represented on the diagram by a change in the slope. The crystallization temperatures, 
represented by a relative maximum on the diagram, are almost the same for the KLB and 
KLBMg11%, while KLBMg5% have a Tc of about 50 degrees lower 
4.1.3 TGA results 
Figure 4.4 and Figure 4.5 shows the TGA analysis of the three glass compositions. Useful 
information over the mass loss due to rise in temperature can be obtained by these graphs. 
The first part of the curve, until about 120 °C for KLB and KLBMG5%, shows a mass 
reduction due to evaporation of moisture and then is not of interest in the analysis of the 
material characteristics. Above that temperature, both 0% and 5% composition experience a 
significant loss in their weight. From 120 to 300 °C the 0% magnesium composition loses 
about the 12,5% of its mass, while the 5% magnesium loses the 16% if heated up to that 
temperature. In the interval between 300 and 400 they both lose about another 1,7% of the 
total mass. Usually the techniques used to anneal TL dosimeter adopt temperature cycles that 
range up to about 300-400 °C, depending on the material, and then the analysis of the mass 
lost in this temperature range is particularly important. The TGA analysis of the KLBMg11%, 
on the other hand, suggest that a small loss in mass is experienced by the material in the 
whole temperature range from 25 to 950 °C: less of 2% of initial mass. The mass loss for the 
KLBMg is limited to about  0.7% for temperature until 300 °C and to 1.1% for temperature 
until 400 °C. The glass composition containing the 11% of magnesium oxide appears to be 
significantly more resistant to high temperature, and then, at least for this aspect, more 
suitable for TL dosimetry. A significant mass loss due to the thermic cycles, in fact, can affect 
the reproducibility of the results and lower the sensitivity of the dosimeter during time. 
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Figure 4.4 - TGA of KLB and KLBMg5% 
 
 
Figure 4.5 - TGA diagrams of KLBMg11% 
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4.1.4 Hygroscopicity test results 
For a material that has to be used to produce dosimeters the absence of hygroscopicity is an 
important feature. Interaction with water or wet atmosphere can modify the sensitivity of the 
dosimeter during time, because some mass can be lost or adsorption phenomena can introduce 
OH oscillators that give rise to a non-radiative way of de-excitation [36]. Borate glasses are 
known to have low resistance against water, then to enhance this property magnesium oxide 
was added to the starting glass formulation adopted in literature. This oxide is known to be a 
modifier of the glass network, making it more stable while reducing the ions mobility. For 
this reason some texts refer to it as a matrix stabilizer, and this effect was also encountered in 
the previous paragraph that pointed out the higher temperature stability of the glass with the 
11% of magnesium. 
 Liquid water 4.1.4.1
A piece of glass in contact with liquid water can experience a loss in its mass due to the 
dilution of the ions that form the matrix. Figure 4.6 shows the loss of mass experienced by 
three pieces of glass submerged in distilled water for a week. Each of the three compositions 
shows a significant mass reduction. As expected, the KLBMg11% exhibited a better 
resistance against the water action if compared with the formulation without magnesium, 
which shows a drastic initial dilution, with a loss of about 65% of the mass in the first 24 
hours.  
 
 
Figure 4.6 – Hygroscopicity test with liquid water 
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After this fast reduction the dilution seems to slow down, although it never reach an 
equilibrium and after a week the sample appear fully dissolved. The two samples added with 
magnesium oxide also seem to have a first fast dilution phase, then they experience a change 
in the slope that point out a reduction in the velocity of the reaction. Due to this, the sample 
made by KLBMg11% was the only one that did not completely dilute after a week. Both 
formulations with magnesium lose less mass during the entire experiment, and the 11% 
formula appears to be the more stable in the long period.  
 Wet atmosphere 4.1.4.2
The contact of a glass surface with moisture can lead to adsorption of water and then to an 
increase in the mass and a modification of the features of the material. Along with mass 
growth, another evidence of the adsorption of moisture is the progressive loss of the 
characteristic transparency of the glass. This effect can clearly be seen in Figure 4.7: pictures 
of the same piece of glass were taken before it was put in contact with the wet atmosphere 
(first picture on the left), and then after 1 and 72 hours.  
Also for this test the glasses were weighed at selected time intervals and their mass changes 
plotted against time, as can be seen in Figure 4.8. 
 
   
Figure 4.7 – Glass exposed to moisture after 0, 1 and 72 hours 
 
The behaviour of the adsorption phenomenon is similar for the three compositions. In the first 
hours the moisture is rapidly adsorbed, then the adsorption rate decreases. Figure 4.8 shows 
that the amount of adsorbed moisture is small for all the three glasses, even if not null. . No 
sensible differences appears in the resistance of the three glasses against moisture, 
considering the measure uncertainties.  
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Figure 4.8 – Hygroscopicity test: moisture 
 
The performed tests confirmed that magnesium oxide improves the stability of the glass with 
respect to water, but its effect is not sufficient to completely avoid the dilution  phenomenon. 
Against moisture the three glasses present similar behaviours, then magnesium oxides does 
not improve this feature. Thus, the addition of magnesium oxide is not sufficient to create a 
real non-hygroscopic glass. Lithium and potassium oxides are both known to affect negatively 
the durability of a glass, because they promote the ions mobility. In this regard the relative 
content of the two oxides is critical. Other tests should be done, since different Li/K ratios 
could enhance the non-hygroscopicity of the glass. Due to mixed alkali effect, replacing one 
of them or adding another alkaline or alkaline earth element instead of magnesium could be 
also useful. 
4.1.5 Radioluminescence evaluation 
During the creation of charge carrier pairs by the interaction of radiations with the dosimeter, 
the carrier can either be trapped or recombine in a short time (less than 10
-8
 s) with the 
emission of a photon [37]. This phenomenon is called radioluminescence and it is competitive 
to the trapping mechanism, then it reduces the sensitivity of the dosimetric material. To 
evaluate the magnitude of the radioluminescence effect of the KLBMg, the emission of light 
during irradiation was measured with a spectrometer. The sample in powder form was 
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exposed to an X-ray beam in a diffractometer, while an optic fibre was placed nearby the 
powder to collect its light emission during irradiation and transmit it to the spectrometer 
(Figure 4.9) 
 
  
Figure 4.9 – Radioluminescence testing apparatus 
 
Since the emission of light during this kind of experiment is typically low, an optimization of 
the collecting geometry is essential. For this purpose a sample of a material with a known 
emission spectrum was used to find out the best position for the fibre and the emission angle 
of the X-rays. A sample of calcium yttrium aluminate doped with terbium (CaYAl3O7:Te ) 
was used, and the tube operated at 40 kV/ 40 mA current with an angle of incidence of the X-
rays over the sample of 80°. The emitted spectrum was registered in a wide range of 
wavelengths, from 190 to 1100 nm. A comparison between the emission of the reference 
material and the KLBMg is shown in Figure 4.10 and Figure 4.11. 
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Figure 4.10 – CaYAl3O7:Te  radioluminescence emission spectrum  
 
 
Figure 4.11 – KLBMg11% radioluminescence emission spectrum  
 
On the CaYAl3O7 emission spectrum some sharp lines of high intensity appear, pointing out 
the recombination of charge carriers during the irradiation with light emission. The emission 
spectrum of KLBMg11%, on the other hand, has a low intensity at every wavelength, then the 
majority of the charge pairs are trapped in the trapping centres. The other two compositions of 
the glass exhibit a similar radioluminescence spectrum.  
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4.1.6 Emission spectrum  
An analysis of the emitted light spectrum was performed using a spectrofluorimeter. A sample 
in powder form was used, stimulating it with a light of a fixed wavelength (470 nm, the same 
used by the OSL reader) while registering the intensity of the emitted light at different 
wavelengths with a monocromator. The region of interest of the emitted spectrum is presented 
in Figure 4.12.  
 
 
Figure 4.12 – KLB emission spectrum 
 
The spectrum presents three prominent peaks in the red region of the visible spectrum, two 
centred at about 625 and 640 nm and a major one centred at about 709 nm. The knowledge of 
the emitted light spectrum can be useful to choose the best optical filter, since in the OSL 
technique is essential to discriminate between the stimulating and the emitted light. The 
emission spectra of the KLBMg5% and 11% are similar to the KLB one, with the same peaks. 
Magnesium oxide does not modify the recombination centres, since the peaks wavelengths of 
the emission spectra of the glass with and without magnesium are the same.  
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4.2 Luminescent properties 
The luminescent properties of the material will be discussed in the following paragraphs, 
namely the glow curve, the dose response curve and the reproducibility of the readings. These 
characteristics are important for a material that will be used for dosimetric purposes: it needs 
to show a signal that is stable and easy to discriminate from the noise, with a good linearity on 
the dose interval of interest and a good reproducibility of the readings.  
4.2.1 OSL Glow curve 
Some lithium potassium borate glasses with different dopants were already studied as possible 
material for TL dosimetry [3] [4]. No studies were performed before on the possible use of 
this material with OSL techniques. The obtained glow curves for KLBMg11% at different 
doses are presented  in Figure 4.13. The curves were obtained with the continuous wave 
length reading method. 
 
Figure 4.13 – KLBMg11% glow curves 
 
As can been seen the curves have a good decay shape, that is of the continuous wave method. 
The signal has an initial maximum, while decaying rapidly to the ground state. All the three 
composition exhibit the same decay shape. An exponential fitting was adopted to interpolate 
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the readings data using the OriginPro8 software. A first attempt was made to fit the data with 
a  single exponential of equation such as: 
 
 
         
 
 
   (4.1) 
 
where t is the time and I the intensity. The obtained curve does fit well the low doses 
readings, but not the high ones. A good fit should have a residual plot randomly scattered 
around the 0 value (white noise), like the one in Figure 4.14 that is the residual diagram of the 
1 Gy reading. 
 
 
Figure 4.14 – Residual of the 1 Gy glow curve single exponential fitting 
 
 
Figure 4.15 - Residual of the 100 Gy glow curve single exponential fitting 
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Figure 4.15 shows the plot of the residual obtained by the fitting of the 100Gy glow curve. In 
this image a pattern can be outlined, proving that the adopted single exponential does not fit 
well the experimental data.  
 
 
Figure 4.16 – Comparison between experimental data and single exponential fitting curve for 100 Gy 
 
A runs test was performed on the residual distribution with the MATLAB software. The test 
confirmed the presence of a pattern in the residuals distribution. In Figure 4.16 the 
exponential fitting (in blue) and the exponential data (in red) of the 100Gy reading are 
presented. It can be seen that the exponential curve correctly approximate the data only at the 
very beginnings, while it underestimate or overestimate them in the following points.  
A two exponential fit was found to correctly reproduce the experimental data: 
 
 
         
 
 
      
 
 
   (4.2) 
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With this fit also the data from the high doses are correctly approximated. The residual plot of 
the 100Gy glow curve, in Figure 4.17, shows a random pattern, and the fitting curve 
approximates correctly the experimental data in every point, as can be seen in Figure 4.18. 
The runs test confirmed the absence of a pattern in the residuals distribution obtained with the 
new fitting function 
 
 
Figure 4.17 - Residual of the 100 Gy glow curve two exponential fitting 
 
 
Figure 4.18 - Comparison between experimental data and two exponentials fitting curve for 100 Gy 
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The fitting function is made by 3 terms, two exponential functions and a constant value     
This last one is due to the noise and then is has not any relationship with the dose adsorbed by 
the material. Therefore, it was subtracted from the fitted curves, obtaining only the part of the 
signal that is related to the dose. The two exponential functions are characterized by the   , 
  ,   and    constants. The    and    coefficient increase with the dose. They are 
responsible for the value of the integral of the curve, that correctly grows with the dose. The 
slope of the glow curve is due to the    and     constants. Since at every dose level it is 
always        , the overall decay curve is the sum of a fast component and a slow one.  
 
 
Figure 4.19 – Net glow curve components 
  
As already highlighted by other authors [38] [39], the fast component is probably related to 
the traps that are located at lower energy level. These traps are the first to be filled during the 
trapping process, and the first that release the charge carriers during the stimulation. The slow 
component, on the other hand, is produced by the deeper traps, that start to be filled after the 
shallow one and need more energy to release the carriers. In this regard, the glass without 
magnesium has a behaviour that is slightly independent with the dose.  
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Figure 4.20 – KLB net exponential fitting curves at different doses 
 
 
Figure 4.21 – KLBMg11% net exponential fitting curves at different doses 
 
The addition of magnesium modifies the traps behaviour. The total net intensity        
exponential of the glasses with magnesium oxide appears to change slope with dose. Namely, 
the slope seems to decrease with dose. 
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The separate analysis of the two exponential components shows that the fast one is rather 
constant with the dose for every composition, since the shallow traps are always completely 
filled. The slow component of KLB is also slightly constant, as can be seen in Figure 4.22. 
Conversely, Figure 4.23 shows that the inclination of the slow component change greatly with 
the dose for the glass that contains magnesium. Magnesium oxide introduces a kind of traps 
that start to be filled only after the shallow ones.  
 
 
Figure 4.22 - KLB slow component at different doses 
 
 
Figure 4.23 – KLBMg11% slow component 
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The analysis of the glow curve shows that both the fast and slow components of the glass 
without magnesium are constant, while for the glasses added with magnesium oxide the slow 
component became prominent while the dose increases, determining a change in the overall 
slope of the glow curve. 
The addition of magnesium oxide, modifies the trapping centres, but not the recombination 
ones, since no differences were encountered in the position of the emission spectrum peaks 
shown in paragraph 4.1.6. Similar results were encountered in other works [3] [4]. The overall 
behaviour can also be affected, as pointed out by other authors [38] [39], by the high LET of 
beta particles used to irradiate the samples. This kind of radiation produces a localized 
ionization that rapidly saturates the shallow traps and then starts filling the deeper ones.  
4.2.2 Dose response curve 
To evaluate the linearity of the response of the studied material with the dose, 3 pellets of 
each composition were irradiated with different doses, namely 1, 5, 10, 30, 50 and 100 Gy. 
The mean of the three readings were then plotted against dose to obtain the dose response 
curve.  
In order to remove the noise contribution, the    obtained with the exponential fitting was 
subtracted from the readings and then the integral of the obtained curve was adopted as the 
measured value. Since the last part of the curve presents some fluctuation, probably due to the 
noise, the integration was performed until the 5% of the maximum is reached.  
A dose-response curve for each composition was obtained. The three composition show a 
good linearity on the whole interval between 1 and 100 Gy, with a coefficient of 
determination R
2
 of 0.996,0.996, and 0.998 for KLB, 5% and 11%, respectively. Linearity 
above 10 Gy is not common characteristic between the most used dosimetric materials. These 
materials, such as TLD-100, usually show a linear interval from the minimum detectable dose 
up to 1-10 Gy, then a super-linearity behaviour followed by a saturation effect [21]. The 
KLBMg glass is then a material suitable for high doses measurements. Figures from Figure 
4.24 to Figure 4.26 show the dose response curves of the three compositions. 
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Figure 4.24 – KLB dose-response curve 
 
 
Figure 4.25 – KLBMg5% dose-response curve 
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Figure 4.26 - – KLBMg11% dose-response curve 
  
Figure 4.27 – Dose response curves comparison 
 
A comparison between the dose response curves of the three compositions is presented in 
Figure 4.27. Considering the error interval, no significant differences seem to exist in the 
response of the three glasses. Magnesium oxide appears to not modify the sensitivity of the 
material. 
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4.2.3 Reproducibility 
The signal reproducibility of the dosimeter was evaluated making 3 different irradiation and 
reading cycles of each pellet with a 5 Gy dose. The mean value M and the standard deviation 
σ of the readings were calculated, as well as the variation coefficient VC%, that is equal to: 
 
 
    
 
 
     (4.3) 
 
The dosimeter with the lowest VC% was chosen as the reference one. Its mean reading value 
was indicated as    , and then the sensitivity factor of each dosimeter was calculated as: 
 
 
  
    
 
 (4.4) 
 
In tables from Table 4.2 to Table 4.4 the reproducibility results are presented. The reference 
dosimeter is indicated in green. 
 
Table 4.2 - KLB reproducibility evaluation 
KLB R1 R2 R3 Mean M ST.DEV.  σ VC% Sensitivity f 
pellet               
1 3656 3729 2858 3414 395 12% 0.88 
2 3576 3038 2737 3117 347 11% 0.96 
3 4242 3031 3030 3434 571 17% 0.87 
4 3060 4513 2602 3392 815 24% 0.89 
5 2260 1988 1604 1951 269 14% 1.54 
6 3076 3186 4428 3563 613 17% 0.84 
7 3466 3151 2675 3097 325 10% 0.97 
8 2890 3405 2718 3004 292 10% 1.00 
9 3441 3398 2254 3031 550 18% 0.99 
10 1853 3068 2453 2458 496 20% 1.22 
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Table 4.3 - KLBMg5% reproducibility evaluation 
KLBMg5% R1 R2 R3 Mean M ST.DEV.  σ VC% Sensitivity f 
pellet               
1 4444 4209 3108 3920 713 18% 1,03 
2 4920 4788 4004 4571 495 11% 0,88 
3 3437 3784 2646 3289 583 18% 1,23 
4 4468 4138 3482 4029 502 12% 1,00 
5 4056 4697 3266 4006 717 18% 1,01 
6 6980 6221 4948 6050 1027 17% 0,67 
7 3581 4038 3092 3570 473 13% 1,13 
8 2323 2774 2171 2423 314 13% 1,66 
9 7413 5385 2959 5252 2230 42% 0,77 
10 2979 6206 4379 4521 1618 36% 0,89 
 
Table 4.4 – KLBMg11% reproducibility evaluation 
KLBMg11% R1 R2 R3 Mean M ST.DEV.   σ VC% Sensitivity f 
pellet               
1 2834 2466 2033 2444 327 13% 1.85 
2 5128 5391 6202 5574 457 8% 0.81 
3 3181 3915 3041 3379 383 11% 1.34 
4 4267 4907 4409 4528 274 6% 1.00 
5 1896 2268 1351 1838 377 20% 2.46 
6 4569 4968 3835 4457 469 11% 1.02 
7 5399 6778 3583 5253 1308 25% 0.86 
8 1856 2593 2777 2409 398 17% 1.88 
9 2847 3821 2583 3084 532 17% 1.47 
10 4513 5839 4675 5009 591 12% 0.90 
 
Ten dosimeters were selected for each composition: only few of them showed a VC% smaller 
than 10%, and about 80% of them a VC% smaller than 20%. These values are affected not 
only by the characteristics of the glass but also by external factors. The most important among 
these was probably the irradiation geometry used. The relative source-dosimeters position can 
change between two different irradiation, since it is placed manually. This difference can 
affect the dose absorbed by the dosimeter.  Deterioration of the pellets while handling them 
with tweezers or the adsorption of moisture can also happen, leading to variation in the 
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sensitivity of the dosimeter during time. Both this phenomenon can affect the light efficiency 
of the pellets, while the first lead to a minor content of glass and the latter can reduce the 
efficiency of the dosimeters due to the presence of OH oscillators. These molecules reduce the 
number of radiative recombination giving rise to non-radiative way of de-excitation [36]. To 
minimize the deterioration the use of void tweezers is recommended, as well as a dry storage 
for the pellets.  
Inside the same lot of dosimeters the variation is high for each composition, between 15% and 
30%. This is due to the fabrication process that introduces slight differences in the 
composition of the dosimeters, especially when mixing the glass powder and Teflon. The 
natural tendency of the Teflon to agglutinate, in fact, make this part of the process 
complicated to perform manually and not reproducible, bringing to non-homogeneity in the 
relative content of glass and Teflon from pellet to pellet.  
4.2.4 Optical bleaching 
 
 
Figure 4.28 - Optical bleaching 
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The sensitivity to the light and then the signal lost due to so called optical bleaching is an 
important parameter in order to evaluate how to use and store correctly the dosimeter created 
with the KLBMg. To evaluate the optical bleaching the same three dosimeters made by 
KLBMg11% were subjected to repeated cycles of irradiation and exposure to light before the 
reading. A 10 Gy dose was used and time intervals of 1, 5 15 and 25 minutes, exposing the 
pellets to the light of a common fluorescent lamp, placed at the distance of about one meter 
from the dosimeters. The results of the test are presented in Figure 4.28. The results are 
presented as percentage of residual signal against time of exposure to lamp light. A significant 
lost in OSL signal is experienced by the glass due to the exposure to light: after 1 minute the 
signal lost is already the 22%, while after 5 minutes it reach the 30%. After 15 minutes only 
the 39% of the signal is retained and after 25 minutes the stored signal is equal only to 11% of 
the initial total. As can be seen the material is highly sensitive to light, experiencing a 
significant drop in signal during the first minute of exposure, probably due to the emptying of 
shallow traps, and then presents an almost linear loss of signal in the subsequent time. Since a 
few minutes are sufficient to remove a relevant part of the dosimetric information, extremely 
caution has to be paid to avoid exposure to light of the dosimeters during irradiation, handling 
and storage. A red light emitting lamp can be used to operate without anneal the signal. 
4.2.5 Annealing 
 
 
Figure 4.29 – Optical annealing 
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One of the advantages of the OSL technique is the possibility to perform an optical annealing, 
without the need of heat up the dosimeters. Usually this procedure is also faster than the 
thermal annealing used in TL dosimetry. To find the minimum time requested for a complete 
annealing the same three pellets of KLBMg11% were irradiated with 5 Gy and then read after 
different time of exposure to a blue fluorescent lamp. Time intervals of 30, 60, 300 and 600 
seconds were adopted. The results of the test are shown in Figure 4.29. The maximum values 
of the reading was used as reference because when annealed the signal has not a decay shape 
then the integral of the glow curve cannot be calculated. A 60 second time exposure appears 
to be sufficient to completely erase the signal. The minor differences encountered in the 
values found after longest light exposure are just due to noise fluctuation. 
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5 Conclusions 
In each human activity that involves radiations a dosimetric evaluation is necessary, to 
measure the dose and keep it as low as possible. Solid state passive dosimeters are widely 
used for this purpose.  
A new dosimetric material was investigated in this study, a borate glass that showed good 
characteristics in previous researches over TL dosimetry. Its suitability for OSL dosimetry 
was studied here for the first time. At the same time, a new formulation of it was developed. 
Borate glasses are known to have not a good resistance against the action of water and 
moisture. Since a low hygroscopicity is crucial for a dosimetric material, especially for one 
that has to be used in medical applications, an attempt to improve this characteristic of the 
glass by adding magnesium oxide was made. Magnesium oxide is a modifier of the glass 
network: it inhibits ion mobility, therefore can improve the resistance of glass against water.  
Three compositions were synthetized and compared, with 0, 5 and 11% molar content of 
magnesium oxide, respectively. The glass was produced by a wet quenching method. The 
components, lithium carbonate, potassium carbonate, boric acid and magnesium oxide, were 
weighed and milled for 30 minutes in a mortar. The obtained compound was kept in a furnace 
at 950° C for one hour, and then rapidly casted in a graphite mould.  
A complete characterization of the physical properties of the glasses was performed by 
analytical methods. The X-ray diffraction confirmed that the produced materials have an 
amorphous structure, since they have smooth diffractograms that shows no crystalline phases. 
With a differential thermal analysis it was found that the magnesium oxide slightly affects the 
melting temperature of the glass, that is equal at about 645 °C for each composition. The glass 
transition temperature, on the other hand, presents a difference of about 30 °C, being equal to 
300 °C for the glass without magnesium and to 330-335 °C for the others. Magnesium oxide 
greatly improves the resistance of the glass to high temperature. The thermo-gravimetric 
analysis of the samples showed that the KLBMg11% loses about 2% of the initial mass if 
heated up to 400 °C. The other glasses lose about 15-20% in the same temperature range. A 
low mass reduction in this temperature interval is important because these temperature range 
is adopted for the readings in TL techniques and annealing in both TL and OSL dosimetry: a 
high mass loss can affect the sensitivity over time. Two tests were performed to prove the 
resistance of the glasses against water and moisture. KLB experienced a massive and fast 
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dilution while in contact with liquid water. The glasses that contain magnesium also 
experienced dilution, pointing out that the obtained formulation has not a sufficient resistance. 
The KLBMg5% and KLBMg11% glasses, anyway, experienced a significantly slower 
dilution. After a week the KLBMg11% was the only glass that was not completely diluted. 
The test against moisture showed that the glasses adsorb an amount of moisture that is small 
but not null, as proved also by the increasing opacity. The results of tests highlights that the 
addition of magnesium oxide does improve the resistance of the glass against water corrosion, 
but it is not sufficient to obtain an actual non-hygroscopic glass. 
The emission spectrum of the glass was measured with a spectrofluorimeter. The emitted light 
has three peaks in the red region of the visible light, two centered at a wavelength of 625 and 
640 nm and  the prominent one centered at 709 nm. No changes in the position of the peaks 
are produced by the addition of magnesium oxide, then the recombination centers are 
unaffected by it. The radioluminescence phenomenon appeared to have a low intensity, 
pointing out high efficiency of the trapping mechanism.  
With the produced glasses three lots of dosimeter were produced. The dosimeters were in 
pellet shape, with a diameter of 6 mm, a thickness of about 1 mm and a mean weight of 
46.5±0.5 mg. A sintering process was adopted, mixing the glass powder with Teflon, with a 
3:1 glass-Teflon ratio. The obtained pellets were irradiated with a 
90
Sr
90
Y beta source to 
evaluate the luminescence properties of the glasses. The tests were performed with an OSL 
reader using the continuous wave mode. A two exponential fitting was adopted to interpolate 
the experimental data. The study of the coefficients showed that the glow curve is made by a 
fast decaying contribution and a slow one: the fast component resulted almost constant at 
every dose, since it is probably related to the shallow traps that are always fulfilled. The slow 
component, on the other hand, is related to the deeper traps, that start to be filled only after 
the fast ones. For the KLB the slow component is almost constant, while for the glass that 
contains magnesium it changes with the dose. As a result, the inclination of the overall glow 
curve of the KLB does not change with the dose, since both the two component do not 
change. The glow curve inclination of the glass with magnesium, on the other hand, decreases 
while the dose increases: this is due to the slow component, that became more important at 
high doses. The coefficients of the exponential monotonically increase with the dose, make 
the final value proportional to it. Magnesium oxide appears to modify the trapping centers, 
introducing new deep traps. The dose response curves of the three glasses were derived 
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making 6 irradiations in a range between 1 and 100 Gy. The curves showed a good linearity, 
with a correlation coefficient    always above 0.99. The three curves have no significant 
differences, then magnesium oxide does not affect the sensitivity of the material. Linearity at 
doses above 10 Gy is a not common characteristic of dosimetric materials, then the KLBMg is 
suitable for high dose measurements. In order to evaluate the reproducibility of the signal, 3 
irradiation-reading-annealing cycles were performed with ten pellets of each composition 
with a 5 Gy dose. The dosimeters showed a variation coefficient below 20%. The possibility 
to adopt an optical annealing was studied, finding out that an exposure to a blue emitting lamp 
for 60 second is sufficient to anneal the pellets. The optical bleaching due to common 
fluorescent lamps was also evaluated, finding out that the dosimeters made by KLBMg should 
be kept in dark.  
The KLBMg glass investigated in this study showed good luminescence properties, such as 
good linearity at high doses. Magnesium oxide appears to introduce new deep traps. It also 
improves the resistance of the glass against high temperatures and water attack, but it is not 
sufficient to create an actual not hygroscopic glass.  
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6 Future perspectives 
Even if passive solid state dosimeters are widely used, neutron dosimetry with them is an 
open problem. The material investigated in this study showed good properties, but for a 
complete characterization other aspects needs to be evaluated. Among them, the most 
important are: 
 the response of the material to photons 
 the photon energy dependence of the response 
 the minimum detectable dose 
 the dose rate dependence of the response 
 the possibility to create a neutron dosimeter using a glass made by boric acid enriched 
in 
10
B 
Along with the luminesce features, also an attempt to enhance the physical properties has to 
be performed, particularly the possibility to create a non-hygroscopic glass. This can be 
achieved trying different Li/K ratios, since they both affect the ions mobility, or adding a 
different alkali or alkaline earth metals instead of magnesium.  
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